Silver carp (Hypophthalmichthys molitrix) is now available in sufficient quantities for surimi production. To improve the surimi gels, addition of microbial transglutaminase (TGase) was evaluated. This work deals with the optimisation of setting using microbial TGase in silver carp. Concentration of microbial TGase, temperature and time were optimised to improve the mechanical properties of surimi from silver carp. Empirical models providing a quantitative interpretation of the relationship between the operational conditions of the setting during the surimi production were developed. Shear stress was strongly affected by the variables studied while shear strain was moderately affected. Optimal predicted properties were obtained by employing the following setting conditions: a concentration of microbial TGase of 8.8 g/kg of surimi, at 39.6°C for 1 hr. Under these conditions, a surimi from silver carp with shear stress of 146 kPa and shear strain of 1.59 was obtained.
INTRODUCTION
Silver carp (Hypophthalmichthys molitrix) is an abundant warmwater fish. Among carps, this specie is not particularly liked by consumers due to the high amount of fish-bone. Silver carp is utilised in many countries where its ability to clean reservoirs and other waters of clogging algae is appreciated even more than its food value (Frimodt, 1995) .
The increasing supply of aquacultured silver carp means that this fish is now available in sufficient quantities for further processing. From an economical point of view, filleting is not interesting because the protein lost among the fish-bone produces important waste of valuable product. Silver carp surimi can be a potential raw material for fish sausage products (Yuan, Ooie, Yamaguchi & Kitamikado, 1992) . Therefore, the processing of silver carp to obtain surimi gels can be a good alternative use for this abundant resource. Moreover, the white colour of the silver carp meat is an important valuable characteristic in the surimi production.
Fish protein often forms an elastic gel below 40ºC in the presence of NaCl. This aggregation phenomenon of myofibrillar proteins from fish at low temperature is termed setting. Favourable changes in mechanical properties can be found due to setting phenomenon before cooking surimi gels at 90ºC/15 min. Optimal operational conditions for setting depend on fish species. Matsumoto & Noguchi (1992) used optimal temperatures to classify two setting ranges: low temperature setting (5-32°C) and high temperature setting (32-43°C). The incubation of surimi gels above 45°C induces a decrease in mechanical properties related to gel strength, shear stress and shear strain. This phenomenon is known as modori and is associated with activation of endogenous serine or cysteinproteases above 45ºC (Ramos-Martínez, Morales, Ramírez, García-Carreño & Montejano-Gaitán, 1999; Sánchez, Ramírez, Morales & Montejano, 1998) .
The origin of the setting has been associated with several processes (Matsumoto & Noguchi, 1992) : (i) hydration of protein promoted by addition of salt ions; (ii) denaturation or transconformation of protein; (iii) crossbridge formation between protein molecules, and (iv) the cross-linking of myosin promoted by an endogenous transglutaminase (TGase) contained in fish muscle.
Endogenous TGase is a calcium-dependent enzyme that catalyses an acyl transfer reaction between γ-carboxyamide groups of glutaminyl residues in proteins. When the primary amine is the ε-amino group of lysine and lysyl residues, ε-(γ-glutamyl)lysine cross-linking is formed (Kumazawa, Seguro, Takamura & Motoki, 1993; Seki, Nakahara, Takeda, Maruyama & Nozawa, 1998) . Although low temperature setting has been related with TGase activity, high temperature setting has been associated with the unfolding of protein at 30-40°C (An, Peters & Seymour, 1996) . The discovery of endogenous TGase and its effect on textural characteristics and mechanical properties of surimi gels has caused the search of optimal conditions for surimi gelation of several fish species. Nowsad, Katoh, Kanoh and Niwa (1996) found that endogenous TGase has an optimal temperature in the range 25-30°C for several fish species, with a negligible effect at 20°C.
The optimal conditions for setting has been related to the habitat temperature of fish species by several authors (Lee, Lanier, Hamann & Knopp, 1997; Lee & Park, 1998) . Thus surimi gels from coldwater fishes present better mechanical properties with low temperature setting, while gels from warmwater species present better attributes with high temperature setting (Kamath, Lanier, Foegeding & Hamman, 1992) .
The effect of calcium on setting at 25°C/3 hr or 5°C/20 hr in surimi from Pacific whiting and Alaska pollock has been reported by Lee & Park (1998) . These results indicate that the presence of calcium increase the values of shear stress at the failure, in both species. The effect on shear strain was negligible. This work suggests that although the endogenous enzyme is present and the concentration of calcium is high, the variable temperature and time are important to allow the protein cross-linking.
The different optimal temperatures for setting are also associated with differences in actomyosin conformation as a function of fish specie (Araki & Seki, 1993 , Nakahara, Nozawa & Seki, 1999 . Vertebrate myosins present similar structure. However, some functional properties vary among species and the reasons for this remain unclear. The amino acid sequence dictates the three-dimensional structure of a protein. Therefore, its thermodynamic stability, charge distribution and hydrophobic characteristics are important to the structurefunction relationship (Damodaran, 1994) . Fish myosin has not yet been studied to determine its primary structure due to the number of fish species, and the high molecular weight of this protein (Ramírez, Bandman, Wick & Martín-Polo, 1998) .
Microbial TGase can be obtained from Streptoverticillium ladakanum and Streptoverticillium mobaraense (Seki, Nozawa & Shaowei, 1998; Shann, Shou & Guo, 1998) . This enzyme is calcium independent and has been applied to increase the textural properties of surimi (Lee, Lanier, Hamann, & Knopp, 1997; Ramírez, Rodríguez-Sosa, Morales, Vázquez, 2000) . Although the Microbial TGase has a maximum activity at 55°C, the optimal temperature for setting is in the range 25 -30°C for cold water fishes. An enzyme concentration of 0.2% and 2 hr at 25°C for Alaska pollock (Lee et al., 1997) or 0.03% enzyme concentration and 1 hr at 30°C for Alaska pollock, Southern blue whiting and White croaker (Asagami, Ogiwara, Wakameda & Noguchi, 1995) have been recommended.
Optimum conditions for the setting of silver carp has not been reported by authors. This work deals with the assessment of silver carp (Hypophthalmichthys molitrix) vegetable oil to prevent sticking. Tubes were capped before thermal treatments for setting followed by cooking at 90°C for 20 min. After cooking, tubes were immediately removed, placed in a water bath and cooled at 4-5°C for 30 min. All gels were removed from the tubes and stored overnight at 4°C in polystyrene bags, prior to testing.
Torsion test
Gels were kept at room temperature (approx. 20°C) prior to the torsion test. Gels were cut into 3.0 cm length and milled into an hourglass shape with a minimum diameter of 1 cm in the center. Each gel was placed in a modified torsion apparatus composed of a Brookfield digital viscometer (Model 5XHBTD, Brookfield Engineering Laboratories, Inc., Stoughton, MA). The texture of each gel was then measured by twisting the sample at 2.5 rpm until structural failure occurred. Shear stress and true shear strain were calculated as described by Hamann, Amato, Wu and Foegeding (1990) .
Experimental design
The set of experiments followed an incomplete, second-order, factorial structure (Box, Hunter & Hunter, 1988) . A similar experimental design was previously utilised for improving the nutritional quality of single-cell protein (Parajó, Santos, Domínguez & Vázquez, 1995) .
The concentration of enzyme, temperature and incubation time were considered as operational variables (denoted E, T, and t, respectively) and their effects on selected dependent variables (shear stress y 1 and shear strain y 2 ) were measured. For statistical purposes, the normalised, dimensionless variables x 1 , x 2 and x 3 were defined as:
x 2 =(T-35)/10; x 3 =(t-3)/2 (1) Table 1 summarises the variables involved in the optimisation of the process studied, including fixed variables at usual values of surimi processing.
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as a resource to obtain surimi gels that can give added value to this specie. Setting phenomenon in silver carp surimi with addition of microbial TGase was investigated. Concentration of microbial TGase, temperature and time were optimised to improve the mechanical properties of the surimi produced from silver carp.
MATERIALS AND METHODS

Microbial transglutaminase
Microbial transglutaminase Active TG-TI was supplied by AJINOMOTO U.S.A., INC. (Teaneck, New Jersey). Composition of product is: maltodextrin 99%, transglutaminase 1%. Transglutaminase activity: approx. 100 Units/g.
Frozen surimi
Fresh silver carp (Hypophthalmichthys molitrix) was obtained in Tampico, Tamaulipas, México. Fish were headed, gutted and washed. Skin and bones were removed with a Bibun deboning machine (Model NF2DX, Fujivama, Japan) with a drum having 5 mm diameter perforations. The washing of the mince was performed in wash tanks in <10°C water using a ratio meat/water 1:3 (w/v). Washings were followed by manually dewatering employing cheese cloth as filtering material. Surimi was mixed with 8% sucrose as cryoprotectant, using a Hobart mixer (model VCM. Troy, Ohio). Surimi was packed into polyethylene bags (2 kg), frozen within 5 hr at -30 °C in a Crepaco plate freezer (Model B-5854-AM12, Crepaco, Inc., Chicago, IL) and stored at -20°C until needed.
Surimi gel preparation
A 250 g surimi sample was selected from a 2 kg bag, partially thawed at room temperature, cut into small pieces and chopped in a 5 qt capacity Hobart cutter (Model 84145, Troy, Ohio) for 3 min with 2.5% salt. Microbial TGase was dispersed with salt and added to the surimi paste. Final chopping temperature was maintained <15°C. The paste was stuffed into stainless tubes (diameter = 1.87 cm; length = 17.75 cm), and sprayed with commercial ALTAGA ©2000 Ramírez et al. 
where y j (j:1-2) and x i or x k (i or k:1-3, i≥k) are the dependent or independent, normalised variables and b 0j ...b ikj are regression coefficients calculated from the experimental data by second-order multiple regression. Table 3 shows the values of coefficients from the mathematical models and their statistical significance. Although the coefficients obtained are empirical and can not be associated with physical or chemical significance, they are very useful to predict the results of untested operational conditions.
The correlation and significance of the model for y 1 was higher than the correlation found for y 2 . Table 4 shows the statistical parameters R 2 and F exp measuring the correlation and significance of models, respectively.
The range for the variable temperature was selected between 25 and 45°C because 25°C is the temperature commonly recommended for setting in coldwater species such as Alaska pollock (Lee, Lanier, Hamman & Knopp, 1997) while 45°C is the maximum recommended due to the modori phenomenon is in the range 50-70°C (An, Peters & Seymour., 1996) . The range for the variable time was selected at 1 -5 hours due to microbial TGase perform at the range 2 -5 hr on Alaska pollock at 25 °C (Lee, Lanier, Hamman & Knopp, 1997) . Moisture content was fixed at 78%. It is very important fixing this variable because a change in moisture content of ± 1% could produce a significant change in shear stress with a lower effect in shear strain (Reppond & Babbit, 1997) .
The experimental values for shear stress (y 1 ) varied over a wide range (24 -149 kPa). The analysis of the main experimental trends and the values of coefficients listed in Table 3 suggest that enzyme concentration
Statistical analysis
Data from the factorial design were subjected to a second-order multiple regression analysis using least squares regression methodology to obtain parameters of the mathematical models. These analyses were performed using Microsoft Excel 7.0 (Microsoft Corporation, Redmont, WA, USA, 1995) software. Microsoft PowerPoint 7.0 (Microsoft Corporation, Redmont, WA, USA, 1995) was used to plot the experimental data and models. All data presented are mean values of three determinations.
RESULTS AND DISCUSSION
The influence of concentration of microbial TGase, temperature and incubation time during setting of silver carp surimi production was assessed using response surface methodology which has been successfully used to modelling and optimise biochemistry and biotechnology processes related with food systems (Saval, Pablos & Sánchez, 1993; Vázquez & Martin, 1998; Ramírez, Rodríguez-Sosa, Morales, & Vázquez, 2000) .
Shear stress at failure and shear strain can be used to study the mechanical properties of surimi gels. Shear stress at failure determines the firmness of the gel and shear strain determines the deformability of the gel. Table  2 shows the operational conditions assayed (in terms of dimensional and dimensionless operational variables) as well as the experimental results determined for shear stress y 1 and shear strain y 2 . It can be observed that experiments 7 to 9 are the same central condition. The inclusion in the experimental design of several experiments with the same operational condition is important for statistical processing of data. Thereby it can be predicted if the model is representative of the population and not only of the samples.
The interrelationship between operational and dependent variables was established through a mathematical model including linear, interaction and second-order terms: Using the models, it is possible to predict the results under untested conditions and graphed them as response surface in three-dimension charts. The response surface for shear stress (y 1 ) is shown in Fig.  1 . It describes the dependence of y 1 on enzyme concentration and temperature at 3 representative values of incubation times. In Fig. 1 , it can be observed that the model predicts that an increase in the enzyme concentration allows to reach higher values of y 1 at short times, but at long times high enzyme concentration lead to a decrease of y 1 . The structure of dome observed indicates that a maximum response can be obtained into the range studied.
Shear strain (y 2 ) showed a behaviour different from y 1 . The experimental results varied within the narrow range 0.8542-1.7054, the most favourable conditions being defined by intermediate values of enzyme concentration, the lowest value of temperature and the longest time (experiment 6). The significance analysis of the regression coefficients for y 2 showed that the variable time did not affect significantly shear strain. This is shown in Fig. 2 , which gives the dependence of y 2 on enzyme concentration and temperature at several incubation times. Also it can be observed that the lower response was obtained using temperatures close to 45ºC. Fig. 1 and 2 show that a maximum response is obtained within the range of the study. Canonical analysis allows the prediction of a maximum shear stress (151 kPa) and a maximum shear strain (1.62). But Table 5 shows that the optimum operational conditions for shear stress and shear strain are different. If we try to obtain the highest shear stress, a temperature of 39.6ºC and 8.8 g/Kg of enzyme are needed. But if we try to obtain the highest shear strain, a temperature of 33.7ºC and 5.5 g/Kg of enzyme are recommended.
To confirm the correlation and significance of the model, a new experiment was developed. It was decided to select the conditions for maximum shear stress because this parameter is the mechanical property significantly affected by the addition of microbial TGase. Table 6 presents the experimental data obtained in the Cienc. Tecnol. Aliment. Vol. 3, No.1, pp. 21-28, 2000 ISSN 1135 ©2000 ALTAGA verification experiment under the selected conditions for maximum shear stress (E = 8.8 g/kg; T = 39.6ºC; t = 1 hr), as well as the values predicted by the models. It can be observed the good agreement between them.
Additionally, the models can be used to predict the behaviour of the setting without addition of microbial TGase. Figure 3 shows the dependence of shear stress (y1) and shear strain (y2) on temperature and time without addition of microbial TGase. The most favourable conditions for shear stress is defined by low temperature and long time. In the absence of microbial TGase the temperature needed to obtain a maximum shear stress (78 kPa) is 26ºC, 13.6 degrees lower than using MTGase. This fact can be explained because the optimal temperature of the microbial TGase is higher than that of the endogenous TGase. From the models, it can be concluded that the optimal temperature of the microbial TGase is in the range 35 -40ºC while that of the endogenous TGase is in the range 25 -30ºC.
It can be observed from Figures that the gels achieved using microbial TGase have better mechanical properties due to the higher values of shear stress and shear strain obtained. Hence, microbial TGase can be considered a useful additive to prepare surimi gels from silver carp. These results suggest that setting is a phenomenon dependent on enzymatic activity, although other factors can be involved.
Finally, for comparative purposes Table 7 shows the results of related studies using other species. The values of shear stress obtained in this work compare very well with those reported in the literature. The optimal setting temperature for silver carp was higher that those reported for coldwater fishes and it was in the range of the value obtained for Striped mullet (35 -40ºC), a warmwater specie. This fact suggests an environmental role. Thereby using microbial TGase, setting of coldwater fish is better in the range 25 -30ºC and setting of warmwater fish is better in the range 35 -40ºC.
As conclusion, silver carp has optimal conditions for setting at 39.6°C/1 hr using 8.8 g of microbial TGase/ kg of surimi. Shear strain was strongly affected by temperature and time, while shear strain was moderately affected. The addition of microbial TGase for the setting in the surimi production of silver carp improves the mechanical properties of the surimi obtained. ALTAGA ©2000 Ramírez et al.: Application of microbial transglutaminase to improve mechanical properties ...
